Introduction {#sec1}
============

Pulmonary arterial hypertension (PAH), a severe condition with pulmonary vascular remodeling, results from a wide variety of etiologies.[@bib1] Endothelial cells play a key role in maintaining the normal function of the pulmonary artery. The dysfunction of endothelial cells initiates the pathological process of pulmonary vascular diseases such as PAH.[@bib2]

Endothelial progenitor cells (EPCs) were reported to be distributed mainly in the bone marrow and peripheral circulation system and to accumulate in the lesion area to function under pathological conditions, such as vascular endothelial injury and neovascularization of tumors.[@bib3] There were reported studies on the transplanted EPCs distribution in different disease models. In experimental myocardial ischemia rats, 70% of the transplanted EPCs were localized in the spleen and liver at 1--4 days after tail vein injection.[@bib4] In 2018, Higuchi et al.[@bib5] reported the survival of transplanted endothelial progenitor cells in the rat heart. From their PET images we could see transplanted EPC mainly distributed in the liver and neck neoplasms at 1 or 3 day after injection to the left ventricle. The immunofluorescence assays in lung injury and PAH rat model showed the distribution of transplanted EPCs in lung tissue.[@bib6]^,^[@bib7] There are many studies on the mechanism of adhesion between endothelial cells and leukocytes. And it is known that central adhesion molecules on the surface of endothelial cells mediate the contact between endothelial cells and leukocytes. The related adhesion molecules expressed on the vascular endothelium mainly include intercellular cell adhesion molecule 1 (ICAM-1, CD54), E-selectin (CD62E), P-selectin (CD62P), and vascular cell adhesion molecule 1 (VCAM-1, CD106).[@bib8], [@bib9], [@bib10], [@bib11] The adhesion of leukocytes on the vascular endothelial cells mainly involved the engagements of ICAM-1 and VCAM-1 on the endothelial cells with the leukocyte integrin counter-receptors aLb2 (lymphocyte function-associated antigen 1 \[LFA-1\]), aMb2 (macrophage-1 antigen \[MAC-1\]) integrin, and a4b1 integrin (very late antigen 4 \[VLA-4\]) on the leukocyte. These engagements could lead to the activation of (1) Src, RhoA, and Rac-1 and increased cytosolic free calcium ion concentration (\[Ca^+2^\]~i~) in endothelial cells and (2) downstream proteins such as myosin light chain kinase, VE-cadherin, which likely regulates endothelial cell permeability, develops cell tension development, tugs on actin filaments, and loosens the junctions to mediate the adhesion and transmigration of leukocytes and endothelial cells.[@bib12] Numerous studies showed the increased expression of adhesion molecules on pulmonary vascular endothelial cells in PAH patients and PAH animal model.[@bib2]^,^[@bib12]^,^[@bib13] Additional research indicated that the interaction of ICAM1 and β2-integrins mediated the EPCs adhesion in a murine model of myocardial infarction.[@bib14]^,^[@bib15] Thus, we investigate the adhesion molecules in our study for further understanding the role of transplanted EPCs in PAH. There are two main subpopulations of human peripheral blood mononuclear cell (hPBMNC)-derived EPCs, early EPCs and late-outgrowth EPCs (L-EPCs), which are characterized by different markers. Early EPCs are monocytes with limited proliferative ability. They release growth factors or cytokines to promote angiogenesis but cannot directly participate in angiogenesis.[@bib16] In contrast, L-EPCs are of nonhematopoietic origin and have the same morphology and functional competency as endothelial cells. They display high proliferative capacity and were reported to incorporate into growing vessels.[@bib17] In this study, we generated EPCs from hPBMCs and confirmed the expression of CD31, CD34, CD144, von Willebrand factor (vWF), CD146, and vascular endothelial growth factor receptor 2 (VEGFR2, KDR), without CD45 and CD14. In addition, these EPCs exhibited strong tube formation *in vitro*. Based on these properties, these EPCs can be classified as L-EPCs.

Different studies have not reached a consensus on changes of the number of EPCs in the peripheral blood of PAH patients.[@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23] Based on this question, Hansmann et al.[@bib24] developed an EPC capture chip to measure the EPC number. Their results showed that the number of EPCs in the peripheral blood was obviously decreased in idiopathic/heritable PAH patients. It was also reported that the decrease in EPCs in the peripheral blood was correlated with worse hemodynamic clinical parameters in idiopathic PAH (iPAH) patients.[@bib20] Previous studies indicate that transplantation of EPCs has beneficial effects in monocrotaline (MCT)-induced PAH models, suggesting the promising clinical application of EPC therapy.[@bib25]^,^[@bib26]

However, there is a lack of *in vivo* imaging evidence of exogenous EPCs accumulating at intimal lesions of the pulmonary artery in PAH and related animal models. Real-time imaging to monitor the dynamics of EPC trafficking in both animals and patients may reveal the mechanism of effective treatment.[@bib27] Therefore, tracing exogenous EPCs *in vivo* and evaluating the safety of EPC transplantation are important for the application of cell therapy.

Various molecular imaging techniques, including fluorescence, bioluminescence, metabolic labeling, single photon emission computed tomography (SPECT), and magnetic resonance imaging (MRI), have been developed and used for EPC labeling and tracking. Radionuclide imaging provides higher sensitivity and is easier to be quantified than other methods.[@bib28] PET offers great advantages over SPECT because of its higher resolution and sensitivity. A previous study showed that the ^124^I PET allowed successful visualization of EPCs.[@bib29] However, it is an indirect technique with some limitations. Zirconium-89, a commercially available cyclotron-produced PET radionuclide, is promising for application in cell trafficking due to its optimal half-life (t~1/2~ = 78.4 h) and high spatial resolution.[@bib30] ^89^Zr PET is also suitable for clinical practice, and some ^89^Zr radiolabeled clinical trials are in process.[@bib31]

In this study, to better understand the role of EPCs in PAH, we applied the ^89^Zr-oxine cell tracking method and employed microPET/CT imaging to monitor the distribution of labeled EPCs in healthy and MCT-induced PAH rats. To confirm the results of PET-CT, we first applied CellVizio confocal microscopy to observe the transplanted EPCs in pulmonary vasculature.

Results {#sec2}
=======

Generation and Phenotypic Identification of EPCs from hPBMNCs {#sec2.1}
-------------------------------------------------------------

We isolated hPBMCs from healthy volunteers. After incubation for 24 h, most hPBMCs settled to the coated surface at the bottom of the flask ([Figure 1](#fig1){ref-type="fig"}A, upper left). After removing the non-adherent cells, the remaining attached cells were cultured with colonies formed after about 2 weeks ([Figure 1](#fig1){ref-type="fig"}A, upper right). The subcultured colonies were maintained in endothelial culture medium with the appearance of typical endothelial morphology ([Figure 1](#fig1){ref-type="fig"}A, lower left). These selected EPCs exhibited a strong ability to form tube networks *in vitro* ([Figure 1](#fig1){ref-type="fig"}A, lower right). Then, we identified these EPCs as L-EPCs with endothelial cell-specific markers by immunofluorescence staining and flow cytometry. They expressed endothelial-representative markers, including CD31 (positive cell percentage, mean ± SD, 97.70% ± 1.87%, n = 3), CD144 (94.50% ± 2.72%, n = 3), vWF (68.87% ± 3.66%, n = 3), CD146 (74.88% ± 5.17%, n = 3), and KDR (69.90% ± 2.51%, n = 3). Moreover, they had moderate CD34 expression (positive cell percentage, 44.27% ± 1.95%, n = 3) and were proved as progenitor cells without hematopoietic properties, demonstrated by the absence of CD45 (positive cell percentage, 0.60% ± 0.26%, n = 3) and CD14 (0.93% ± 0.30%, n = 3; [Figures 1](#fig1){ref-type="fig"}B and 1C).Figure 1Generation and Phenotypic Identification of EPCs from Human Peripheral Blood Mononuclear Cells(A) Morphology of (upper left) mononuclear cells 24 h after inoculation. EPCs colonies formed (upper right) after 10--14 days culture. After passaging, the predominant cell type exhibits a cobble stone morphology (lower left) and is able to form endothelial cell-like networks *in vitro* (lower right). Scale bar, 500 μm. (B) Immunostaining assay of EPCs *in vitro*, CD31 (green; DAPI, blue), CD144 (green; DAPI, blue), vWF (green; DAPI, blue), and CD146 (red; DAPI, blue); Scale bar, 50 μm. (C) Flow cytometric analysis of L-EPCs *in vitro*. The red lines represent the L-EPCs labeled with different antibodies. The black lines denote the negative control.

Quality Control of Radiolabeling Product and the Viability and Proliferation of ^89^Zr-oxine-EPCs {#sec2.2}
-------------------------------------------------------------------------------------------------

Schematic diagram of ^89^Zr-oxine labeling EPCs is showed in [Figure 2](#fig2){ref-type="fig"}A. ^89^Zr-oxine complex has planar construction and supports the concept that neutral and lipid-soluble oxine conjugates permeabilize the cell membrane. After ^89^Zr-oxine complex enters the cytoplasm, ^89^Zr becomes attached to cytoplasmic components (such as lactoferrin). EPCs were incubated with the ^89^Zr-oxine complex in PBS at 37°C for 30 min. The percentage of the radiolabeled EPCs was 27.10% ± 11.04% (n = 3) in this radiolabeling procedure. As shown in [Figures 2](#fig2){ref-type="fig"}B and 2C, the radiochemical purity of ^89^Zr-EPCs was 100% after purification of the radiolabeling product. Furthermore, we found that the radiochemical purity by radio-instant Thin Layer Chromatography (iTLC) of stored ^89^Zr-EPCs was also 100% at 13 h after product purification ([Figure 2](#fig2){ref-type="fig"}D). Cell viability of the radiolabeled EPCs was greater than 80% at both time points (0 h, 85.59% ± 3.07%, n = 3; 16 h, 84.07% ± 2.01%, n = 3). The results of the proliferation assay of unlabeled EPCs and ^89^Zr-EPCs are shown in [Figure 2](#fig2){ref-type="fig"}E. EPCs with and without ^89^Zr-oxine labeling underwent similar proliferation trends within 72 h. There was a linear relationship of cell number with time within 72 h, and a plateau stage was reached at 72--96 h. However, the proliferation rate of ^89^Zr-EPCs was lower than that of the unlabeled EPCs at the later time points (48 h, p = 0.0003; 72 h, p \< 0.0001; 96 h, p \< 0.0001; n = 5 for each time point). Taken together, our results indicate that ^89^Zr-oxine labeling of EPCs is efficient and stable.Figure 2Quality Control of ^89^Zr-oxine-EPCs and Proliferation Assay(A) Schematic diagram of ^89^Zr-oxine labeling EPC cell. ^89^Zr could enter the cytoplasm and attach to cytoplasmic components. (B) Radio-iTLC of free ^89^Zr-oxine; iTLC, instant thin-layer chromatography. (C) Radiochemical purity of ^89^Zr-oxine-EPCs was 100% by radio-iTLC. (D) *In vitro* stability of ^89^Zr-oxine-EPCs, which were preserved in EPCs complete medium for 13 h. Radiochemical purity of ^89^Zr-oxine-EPCs at 13 h was 100% by radio-iTLC. (E) Proliferation assay of unlabeled EPCs and ^89^Zr-oxine-EPCs (data are represented as mean ± SD, n = 5 per time point).

PET Imaging of ^89^Zr-oxine-Labeled EPCs in Healthy Rats following Intravenous Injection {#sec2.3}
----------------------------------------------------------------------------------------

Representative images of microPET/CT scans are shown in [Figure 3](#fig3){ref-type="fig"}A, and statistical plots of the percentage of injected radioactive dose per gram (%ID/g)-mean values of radioactive substances in animal organs and tissues at each time point are shown in [Figure 3](#fig3){ref-type="fig"}B (n = 4 rats for each time point). After intravenous injection, EPCs were mainly distributed in the liver, spleen, lung, and joints, followed by the heart, kidney, stomach, and bone (tibia), and the distribution in other tissues (intestine, bladder, brain, and muscle) was low. Radioactivity uptake in the lung reached its peak value at 1 h after administration, while the liver and spleen reached their peak value at 72 h after administration. The representative graphs with the delineated regions of interest (ROIs) of organs marked are shown in [Figure S1](#mmc1){ref-type="supplementary-material"}, and the reconstructed spatial graphs (short videos) are also provided in [Video S1](#mmc2){ref-type="supplementary-material"}. The CellVizio confocal images also showed the distribution of EPCs in liver and spleen 72 h after administration (data not shown). Moreover, radioactive value determination of rat organs *ex vivo* by γ-counting also showed similar distribution characteristics of EPCs after intravenous administration (see [Table S1](#mmc1){ref-type="supplementary-material"}, n = 5 rats for each time point).Figure 3Whole-Body MicroPET/CT Imaging of ^89^Zr-oxine-EPCs in Healthy Rats(A) Maximum intensity projections (MIPs) of representative rats are shown at several time points after injection. ^89^Zr-oxine-EPCs were distributed primarily in the lung at 1 h and then migrated mainly to the liver and spleen. (B) Statistical plots of the radioactive values (%ID/g-mean) of organs and tissues of rats at five time points post-injection. Plot bar, mean ± SD; n = 4 rats for each time point.

Video S1. MicroPET/CT ImagingThe reconstructed three-dimensional video of the microPET/CT imaging of rats, showing the radioactive distribution of ^89^Zr-oxine-EPCs in main organs of rats *in vivo*.

The Distribution of EPCs in the Pulmonary Vasculature of Healthy and MCT-PAH Rats {#sec2.4}
---------------------------------------------------------------------------------

After 21 days of MCT administration, right ventricular systolic pressure (RVSP) and the ratio of right ventricular weight to left ventricular plus septal weight (RV/\[LV+S\]) were measured and significantly elevated as compared with those in the control group ([Figure 4](#fig4){ref-type="fig"}A). Moreover, representative H&E staining results showed the obstruction of small blood vessels with thickened medial walls in MCT rats ([Figure 4](#fig4){ref-type="fig"}B). The upper graph is from control rat, and the lower one is from MCT rat. Representative confocal images of the lung sections from healthy and MCT-induced PAH rats (1 h after EPCs injection) are shown in [Figure 4](#fig4){ref-type="fig"}C, from which we could see the distribution of EPCs in pulmonary blood vessel. The pulmonary blood vessel smooth muscle cells were detected by immunofluorescence staining with anti-rat SM22α, as shown in red. EPCs were detected by immunofluorescence staining with anti-human CD31, which is a specific primary antibody for human CD31 without overlapping selectivity for rat, as shown in green. EPCs were accumulated more in the lungs of PAH than the control rats ([Figure 4](#fig4){ref-type="fig"}D: EPCs number in each section: control, 0.43 ± 0.32; MCT-PAH, 1.22 ± 0.41; p \< 0.01; n = 6 rats for each group). Before lung tissue collection, heart perfusion and lung tissue perfusion were carried out, so the EPCs flowing in the blood were almost washed out. The number of EPCs observed in lung section was small, with an average of less than 2 cells in each field, which could be considered to be attached cells. From the CellVizio confocal images ([Figure 4](#fig4){ref-type="fig"}E), we could see the abnormal vascular morphology of the MCT-PAH rat lung, and the DiO-labeled EPCs binding in the pulmonary microvasculature of each group (see [Videos S2](#mmc3){ref-type="supplementary-material"} and [S3](#mmc4){ref-type="supplementary-material"}). The red fluorescence showed that the vascular morphology of MCT-PAH rat lung is of uneven thickness compared with control group, which is consistent with the result of [Figure 4](#fig4){ref-type="fig"}B. The green fluorescence indicated that the labeled EPCs stay in the pulmonary vascular and do not move with blood flow ([Videos S2](#mmc3){ref-type="supplementary-material"} and [S3](#mmc4){ref-type="supplementary-material"}), which could also corroborate the result of [Figure 4](#fig4){ref-type="fig"}C. EPCs were accumulated more in the MCT-PAH than the control group ([Figure 4](#fig4){ref-type="fig"}F, EPCs number in each section; control, 2.2 ± 0.82; MCT-PAH, 6.40 ± 1.20; p \< 0.01; n = 3 rats for each group).Figure 4Establishment of MCT-PAH Model and the Distribution of EPCs in the Pulmonary Vasculature of Healthy and PAH Rats(A) The RVSP and RV/(LV+S) of the control and PAH-model groups (n = 6 in each group). (B) Representative H&E staining from control and PAH rats of blood vessels. Scale bar, 100 μm. (C) Representative confocal images of immunofluorescence staining of slices for CD31 (green) and SM22α (red) from lung sections of rats injected with EPCs. Arrows indicate EPCs. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 50 μm. (D) Statistical plot showing the EPCs number of each section in both groups of (C) (data are represented as mean ± SD, n = 6, three slices were observed for each rat, 5 random visual fields were selected per slice for statistical analysis). (E) Representative confocal images of CellVizio confocal of lung of rats after injected with DiO-labeled EPCs. DiO-labeled cells are green, and blood with Evans blue is red. Scale bar, 20 μm. (F) Statistical plot showing the EPCs number of each section in both groups of (E) (data are represented as mean ± SD, n = 3, nine random visual fields were selected per rat for statistical analysis).

Video S2. CellVizio Confocal Scope of Healthy Rat LungThe video of the CellVizio confocal scope (see Figure 4F), showing the DiO-labeled EPCs attached to the pulmonary microvasculature of rats 1 h after injection *in vivo*. DiO-labeled cells are green, and blood with Evans blue is red. Scale bar, 20 μm. From the video, we could see that the labeled EPCs stay in blood vessels and do not flow with the blood.

Whole-Body MicroPET/CT Imaging Exhibits Increased ^89^Zr-oxine-EPCs Accumulation in MCT-PAH Rats {#sec2.5}
------------------------------------------------------------------------------------------------

To further evaluate ^89^Zr-oxine labeling as a quantitative tool for tracing EPCs *in vivo*, we intravenously delivered 2 × 10^6^ EPCs into the tail vein of MCT-induced PAH rats. ^89^Zr-oxine-labeled EPCs were injected intravenously into healthy and PAH rats, and images were recorded over 10 days (n = 4 rats for each time point) ([Figure 5](#fig5){ref-type="fig"}). Similar to the distribution in healthy rats, the highest radioactivity was found in the lungs of PAH rats in the first h. Then, most of the radioactivity was found in the liver, spleen, and joints in the next 10 days. As shown in [Figure 6](#fig6){ref-type="fig"}A, we also found that the radioactive uptake at different segments in the lungs was higher in PAH than in the control rats 24 h after injection. Furthermore, our statistical data ([Figure 6](#fig6){ref-type="fig"}B) confirmed that radioactivity uptake in the lungs of PAH rats was significantly higher than the control group at 24, 72, 168, and 254 h post-injection (n = 3 rats for each time point). In general, these data demonstrated the enrichment of EPCs in the affected pulmonary vasculature of PAH rats.Figure 5Whole-Body MicroPET/CT Imaging Showing Increased ^89^Zr-oxine-EPCs Accumulation in PAH Compared with Control RatsMaximum intensity projections (MIPs) of representative rats are shown at five time points after intravenous injection. ^89^Zr-oxine-EPCs were distributed primarily to the lung at 1 h and then migrated to the liver and spleen in both control and PAH rats. The accumulation of EPCs in the lungs of PAH rats was higher than that in healthy rats at different time points. The liver and spleen also showed moderate to considerable accumulation in both control and PAH groups (n = 4 rats per time point in each group).Figure 6Representative Axial Section Imaging and Quantitative Analysis of ^89^Zr-oxine-EPCs in Control and PAH Rats(A) Representative axial section PET imaging and PET/CT images of rats 24 h after cell transplantation of the radiolabeled EPCs. (B) Quantitative analysis of the radioactivity uptake in the lungs of the control and PAH-model groups. %ID/g-mean, radioactive uptake values; NS, no significant difference; ∗p = 0.02, ^\#^p = 0.02, ^\$^p = 0.021, ^&^p = 0.021; data are represented as mean ± SD, n = 3 per time point for each group.

The Increased Accumulation of EPCs in PAH Lungs Was Mediated by Chemokine and Cell Adhesion Molecules {#sec2.6}
-----------------------------------------------------------------------------------------------------

The experimental procedures of transwell and attachment assays are shown in [Figure 7](#fig7){ref-type="fig"}A, and the detailed methods were provided in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}. The transwell migration assay results showed that plasma from both MCT-PAH rats and iPAH patients could increase the migration of EPCs ([Figures 7](#fig7){ref-type="fig"}B and 7C; EPCs counts: control rat plasma, 265.4 ± 89.6; MCT-model, 522.5 ± 99.1; healthy volunteer, 143.6 ± 38.7; iPAH patient, 232.1 ± 44.2, p \< 0.01 for both comparisons). Human pulmonary arterial endothelial cells (HPAECs) were treated with plasma from healthy volunteers or iPAH patients, and we found that the number of EPCs attached to HPAECs was increased in the plasma of iPAH patients. The increased adhesion of EPCs could be reversed by A205804, a commonly used specific inhibitor of E-selectin and ICAM-1, in the attachment assay ([Figures 7](#fig7){ref-type="fig"}D and 7E; attached EPCs counts: control, 19.2 ± 7.6; control+inhibitor, 12.1 ± 4.6; iPAH, 37.1 ± 4.8; iPAH+inhibitor, 11.3 ± 5.5; p = 0.014 for iPAH versus control, and p = 0.002 for iPAH+inhibitor versus iPAH). These results indicate that plasma under PAH pathological conditions could upregulate the migration of EPCs and the attachment of EPCs to HPAECs, which could be a possible mechanism of the increased EPCs accumulation in MCT-PAH rats.Figure 7The Increased Accumulation of EPCs in PAH Lung Was Mediated by Chemokine and Cell Adhesion Molecules(A) Schematic experimental designs of transwell and attachment assays. (B) Representative light images of the transwell migration assay of EPCs induced by plasma from healthy rats, MCT-PAH rats, healthy volunteers, and iPAH patients. Cells on the lower surface were stained with crystal violet. Scale bar, 500 μm. (C) Statistical results of staining and cell counting after the transwell migration assay. Data are represented as mean ± SD, p \< 0.01 for both comparisons. Cells were counted after staining with crystal violet, and n = 6 in each group. (D) Representative images of the attachment assay of EPCs and HPAECs treated with basic medium containing different plasma (from healthy volunteers or iPAH patients) with or without 100 nM A-205804. EPCs were labeled with DiO (green). Scale bar, 500 μm. (E) Statistical plot showing the attached EPCs number of each section in both groups of (D). Data are represented as mean ± SD, p = 0.014 for iPAH versus control, and p = 0.002 for iPAH+inhibitor versus iPAH. Fluorescent cells in 5 fields were counted for each condition. n = 4 for each group.

Discussion {#sec3}
==========

A noninvasive and high-quality imaging technique is required to understand the pathogenesis of the disease and provide visual evidence for cell therapy. To the best of our knowledge, there is no report on high-quality PET imaging of EPCs by direct radiolabeling. Oxine is a safe chelating agent commonly used for clinical monitoring leukocyte metabolism.[@bib32] Among various PET nuclides, ^89^Zr is the most ideal choice with a long physical half-life and high γ-energy.[@bib33] ^89^Zr-oxine PET has been proven to be an effective method for cell trafficking in some disease models.[@bib34] With ^89^Zr-oxine PET, we showed the relocation of EPCs from the lungs to the liver and spleen dynamically, consistent with previous reports showing the bone marrow cell distribution.[@bib32]

In this study, we visualized the distribution of transplanted EPCs in normal rats and PAH rats. Intravenously administered ^89^Zr-labeled EPCs were distributed primarily to the lung at 1 h. And the quantitative results showed that the number of EPCs recruited to the lungs were significantly higher in MCT-induced PAH rats after 24 h of injection, which indicated that L-EPCs were more likely attached to the injured blood vessels of MCT-induced PAH rats than the healthy blood vessels. In addition, our study by immunofluorescence staining on the lung slices and CellVizio confocal of superficial layer in the lung of rats had revealed that the transplanted EPCs could attach to the pulmonary vasculature of both healthy and MCT-PAH rats, and there are more EPCs binding to the pulmonary vasculature intimal lesion site of PAH rats, which would help us clarify the role of EPCs in vascular remodeling and repairment and also confirmed the results we obtained from the PET imaging. Together, both the overall distribution and microscopic localization of the transplanted EPCs could demonstrate the possibility of transplanted EPCs repairing the pulmonary vasculature. Moreover, we could see the transplanted EPCs subsequently migrated to the liver and spleen at 24 h after administration. Previous research also reported that EPCs mainly distribute in rat liver, spleen, and neck neoplasms 1 day after injection.[@bib4]^,^[@bib5] This indicated that some EPCs might be eliminated by the immune system and the main immune organs involved are liver and spleen. Therefore, a long-term observation of the function of the patients' liver and spleen after treatment with EPCs therapy is necessary.

An increasing number of studies have demonstrated that EPCs play an essential role in endothelium repairment in related diseases, including ischemic cardiovascular diseases and PAH.[@bib35]^,^[@bib36] EPCs promote the formation and maintain the function of normal blood vessels.[@bib37]^,^[@bib38] EPCs from iPAH patient or PAH patients with bone morphogenetic protein type II receptor (*BMPR2*) mutations exhibited impaired vasculogenic activity.[@bib23] It has been suggested that due to the reduced EPCs capability, the PAH patient-derived EPCs recruited to the injury site cannot fully repair the vasculature damage.[@bib39]^,^[@bib40] In addition, genetic modification or drug pretreatment might be able to restore the intact function of patient-derived EPCs.[@bib41] Therefore, genetic modification and drug pretreatment could be potential strategies to improve the efficacy of cell therapy.

In our results, we found the presence of EPCs in the pulmonary vasculature and the increased accumulation of EPCs in the lungs of MCT-induced PAH rats. What's the reason of the increased accumulation? We speculate that a self-compensation mechanism was activated in MCT-induced PAH rats and PAH patients. The increased the serum levels of some specific cytokines and adhesion molecules could attract more EPCs to pulmonary vascular lesions; meanwhile, it is also possible that inflammation and increased permeability could result in greater cell persistence in the pulmonary vascular lesions of PAH. Previous studies showed that some specific cytokines and adhesion molecule (interleukin-4 \[IL-4\], IL-13, P-selectin, and ICAM-1) levels were markedly upregulated in the endothelium of iPAH, as well as MCT-rat pulmonary arteries.[@bib2]^,^[@bib12]^,^[@bib13] There are also reported studies supporting the existence of endothelial cells migration-promoting and adherence-increasing cytokines, chemokine and cell adhesion molecules, from the PAH serum, including E-selectin and ICAM-1.[@bib42], [@bib43], [@bib44] In our results, plasma under pathological conditions upregulated the migration of EPCs and the attachment of EPCs to HPAECs. A205804 is a commonly used specific inhibitor of E-selectin and ICAM-1,[@bib45] and it suppressed the increased attachment of EPCs induced by PAH plasma. From the results of this and previous studies, it was suggested that the migration of EPCs and the expression of cell adhesion molecules of HPAECs could be upregulated under the pathological condition of PAH. This would be a research direction for further understanding the mechanism of the higher accumulation of transplanted EPCs in the lungs of PAH rats.

In summary, we applied an ^89^Zr-oxine radiolabeling technique for labeling and tracking EPCs efficiently in a preclinical study. Quantitative PET-CT imaging on ^89^Zr-oxine EPCs could be optimized for noninvasive monitoring EPCs in clinical practice. Together the PET/CT result, we first applied CellVizio confocal microscopy to observe micro co-localization of transplanted EPCs and fluorescent blood vessels in lung and other organs. Our results revealed that the distribution of EPCs *in vivo* and the higher accumulation of EPCs in the lungs of MCT-induced PAH rats, which would be beneficial for optimizing the efficacy and safety of EPCs transplantation in clinic. In addition, our study indicated that the increased cytokines and adhesion molecules, such as E-selectin and ICAM-1, could be account for the higher accumulation of EPCs in the pulmonary vasculature. Further work is required to better understand the molecular mechanism of E-selectin and ICAM-1 in the accumulation of transplanted EPCs, as well as to increase the expression of these factors on EPCs by applicable strategy to improve the effect of EPC transplantation.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

Specific pathogen free male Sprague-Dawley (SD) rats weighing 160--200 g (6 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology. The ethics review committee of Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences approved the animal studies. All experiments were conducted in compliance with the National Research Council guidelines, as well as the relevant laws and institutional guidelines of Beijing Union Hospital.

Preparation and Identification of Human EPCs {#sec4.2}
--------------------------------------------

Peripheral blood from healthy volunteers was used for the isolation and generation of EPCs. hPBMNCs were isolated by Ficoll (BD Biosciences) density-gradient centrifugation. The detailed methods of EPC culture are provided in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}. All sample collections were performed under the approval of the ethical review board of Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (IBMS, CAMS, 014-2015). The patients donated blood after providing informed consent. The cells were assessed by immunostaining using CD31, CD144, and vWF, CD146, and flow cytometry using CD31, KDR, CD144, CD34, and CD14, as previously described.[@bib46] For the tube formation assay, a total of 2 × 10^4^ cells were seeded into a 48-well plate precoated with Matrigel. Tube formation was detected at 4 h post seeding.

MCT-Induced PAH Rat Model {#sec4.3}
-------------------------

The specific method of animal model establishment is provided in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}. 3 weeks after MCT injection, the RVSP of 6 rats from each group was monitored by a BL-420S physiological experiment system, and RV/(LV+S) was calculated to identify right ventricular hypertrophy of the rats. After confirming the success of MCT-PAH model establishment by testing RVSP and RV/(LV+S), the remaining rats of the CON and MCT-PAH groups were ready for EPCs injection.

H&E & Immunofluorescence (IF) Staining {#sec4.4}
--------------------------------------

After dewaxing, the rat lung slices were treated with routine H&E staining and IF staining. The methods are provided in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}.

^89^Zr-oxine Labeling of EPCs {#sec4.5}
-----------------------------

^89^Zr was produced at Perkin Elmer Healthy Sciences (the Netherlands). The ^89^Zr-oxine complex was synthesized from ^89^Zr-oxalate and oxine following a previously reported method.[@bib47] First, we neutralized the ^89^Zr-oxalic acid with 1 M Na~2~CO~3~ and adjusted the solution pH value to 7. We added the oxine dissolved in chloroform to the above solution and adequately mixed the solution for 15 min on the vortex mixer to make sure there was a full reaction. Then the mixed solution with reaction product was separated into two phases by centrifugation. After removing the water phase, chloroform was evaporated at 60°C, and then the sediment was redissolved by adding a little amount of DMSO (100 μL) and an equal volume of cell medium (in order to conveniently control the final DMSO content in the cell medium in radiolabeling process below 5%). Radiolabeling of EPCs with ^89^Zr-oxine was accomplished using the previously described method.[@bib32] An amount of 5∼6 × 10^6^ EPCs in cell medium was added with 100∼200 μCi of ^89^Zr-oxine and hatched at 25°C for 20∼30 min. The reacted solution was centrifuged with PBS to remove the free ^89^Zr-oxine. The cell precipitation was resuspended and the final labeling product ^89^Zr-EPC cells were prepared. Radiolabeled cells were washed twice with cell medium prior to the subsequent experiments.

Assessment of Cell Viability and Proliferation {#sec4.6}
----------------------------------------------

The methods of assessment of cell viability and proliferation are provided in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}.

EPCs Tracking by MicroPET/CT {#sec4.7}
----------------------------

Whole-body imaging was performed using a micro-PET/CT (Pingseng HealthCare, Suzhou, China). Rats were anesthetized with isoflurane/O~2~. After intravenous injection of ^89^Zr-oxine-EPC (2 × 10^6^ cells at 185 kBq/10^6^ cells), static whole-body PET/CT scans were performed at 1 h, 24 h, 72 h, 168 h, and 254 h after administration with an acquisition time of 10 min per imaging point. After reconstructing the scanned raw data, the image and data analyses were carried out using the PMOD software by a statistical investigator who was blind to the experimental design and grouping. The heart, liver, spleen, lung, muscle, tibia, and other organs were delineated as ROIs. The ROIs were delineated by manual selection of the statistical investigator blind to experimental design in the reconstructed spatial images according to a previously reported method.[@bib48] After delineation, the radioactivity values of the ROIs per unit volume were obtained, and the percentage injected dose per gram (%ID/g) values of each organ were calculated. In order to scan and quantify the amount of radiation in various organs of the whole body at different time points, and it took 10 min for each time point to scan the whole body layer by layer, so static whole body layer-by-layer scanning and acquisition was used in this study.

DiO-Labeled EPCs Detected by CellVizio Confocal {#sec4.8}
-----------------------------------------------

\(1\) DiO labeling of EPCs was as follows: 2 × 10^6^/mL EPCs suspension (EBM-2 without serum) were made after trypsin digestion. DiO (Invitrogen, USA, V-22886) was added to the cell suspension according to the instruction. After incubation at 37°C for 10 min, the cells were washed twice with DPBS before injecting into the rat tail vein. (2) Fluorescence labeling of blood vessel was as follows: 1 h after injection, rats were anesthetized with isoflurane/O~2~. 1.2% Evans blue (Abcam, UK, ab120869) was intravenously injected to rats (1 mL for each rat). (3) CellVizio confocal was as follows: labeled EPCs and blood vessels were detected by CellVizio Dual Band confocal endoscopy system *in vivo*. We opened the chest and exposed the rat lung and used the Mini-Z microprobe to scan the rat lung (the probe touches the lung directly). The working distance of Mini-Z microprobe is 70 μm. Labeled EPCs could be observed at 488 nm and the blood vessel could be observed at the wavelength of 660 nm.

EPCs Migration and Attachment on Stimulated HPAECs {#sec4.9}
--------------------------------------------------

The detailed incubation conditions and procedures of migration and attachment assays are shown in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}.

Data Analysis {#sec4.10}
-------------

Results were presented as means ± SD. Data of each group were treated with the normal distribution test (Shapiro-Wilk test). Statistical significance between two groups was determined using Student's t test (for normal distribution) or Mann-Whitney U test (for non-normal distribution). p values below 0.05 were considered statistically significant.
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